In Dugesia polychroa, a hermaphroditic planarian, diploid sexual and polyploid pseudogamous parthenogenetic forms exist in separate populations and in sympatry. Parthenogens produce viable, haploid sperm that are exchanged between two individuals during copulation and trigger sperm-dependent parthenogenetic egg development. In crossing experiments, parthenogens can fertilize the eggs of sexuals, occasionally initiating the origin of new polyploid parthenogenetic lineages. We present an allozyme study of genetic variation in both separate and mixed populations, in which multilocus genotypes defined by seven loci were used to characterize parthenogenetic lineages. Purely parthenogenetic populations were found to be composed of genotypically different lineages. In mixed populations, the allelic variation of parthenogens is similar to that of the coexisting sexuals. The observed genotypic diversity suggests that parthenogens from mixed populations are of polyphyletic origin. We propose that, in natural populations, hybridization between sympatric sexuals and parthenogens leads to the appearance of new, genetically diverse parthenogenetic lineages.
Introduction
In studies of parthenogens, high genotypic diversity among parthenogenetic lineages is often interpreted as evidence for multiple lineage origins (Lokki et al., 1975; Parker, 1979) , with each a reflection of the genetic variation found in their sexually reproducing progenitors. Additionally, in populations in which both sexual and parthenogenetic biotypes of the same species coexist, the question regarding reproductive isolation between the two arises. Responding to the observation that parthenogens are sometimes unable to compete in sympatry with their sexual progenitors (Cuellar, 1977) , Lynch (1984) proposed that hybridization between the two biotypes negatively affects the successful establishment of parthenogenetic lineages. Nevertheless, species with overlapping distributions of sexual and parthenogenetic forms are known (Suomalainen et al., 1987) . In species with separate sexes (gonochorists), parthenogenetic populations are unisexual, and reproductive interactions, if any, occur only between sexual males and parthenogenetic females. In this regard, hermaphrodites differ markedly from species with separate sexes. In hermaphroditic species, parthenogenetic egg development is not necessarily concomitant with the loss of male function and, thus, parthenogens could possibly transmit their genes via sperm when they mate with sexuals (Benazzi Lentati, 1970; Christensen, 1980) . Dugesia polychroa is a hermaphroditic flatworm found throughout Europe, and sexuals and parthenogens exist in allopatry or in sympatry. Purely parthenogenetic populations are found north of the Alps, whereas sexuals seem to have the centre of their distribution south of the Alps, in middle and northern Italy (Beukeboom et al., 1996) . Dugesia polychroa is incapable of self-fertilization and, thus, sperm must be exchanged between individuals during copulation, a requirement that holds for both sexuals and parthenogens. Parthenogens are pseudogamous (i.e. sperm dependent), meaning that zygote development is initiated by fertilization with sperm, but the sperm's chromosome set is subsequently eliminated and makes no genetic contribution to the developing embryo (Benazzi Lentati, 1970) . Thus, the term parthenogen refers to hermaphrodites in which the female function is parthenogenetic but relies on sperm from the male function of conspecifics. Even though parthenogens are polyploid (usually triploid), they produce viable haploid sperm. Under laboratory conditions, it has been shown that parthenogens are able to fertilize the eggs of (diploid) sexual mating partners. The resulting hybrids can have triploid parthenogenetic offspring when unreduced, diploid eggs occasionally produced by hybrids are fertilized (Benazzi Lentati, 1970) . This means that new parthenogenetic lineages can arise through syngamy.
In naturally occurring mixed populations, hybridization between sexuals and parthenogens may be a continual source of new parthenogenetic lineages. Syngamy, as a mechanism of origin, is expected to be manifested by increased genetic variability among parthenogens relative to those undergoing change via mutational processes only. It would also permit genetic exchange between sexual and parthenogenetic lineages, thus precluding their independent evolution.
Here, an allozyme study of genetic variation in pure and mixed populations of D. polychroa is presented. We expected that coexisting sexuals and parthenogens would share similar enzyme polymorphisms and, in addition, that multiple origins of new clones should be reflected in different multilocus genotypes among parthenogens.
Materials and methods
Between February and May 1996, D. polychroa were collected from 15 different localities in Europe. On a broad geographical scale, the sample sites can be assigned to five different regions (Table 1) . Dugesia lugubris, a karyotypically different diploid species that does not interbreed with D. polychroa (Benazzi, 1982) , was collected from one locality in the Netherlands for use as an outgroup in our subsequent phylogenetic analyses. In Lago di Caldonazzo, Italy (C1), where both sexuals and parthenogens occur, eight different sites around the shore were sampled for a more detailed analysis of a mixed population (C11-C18, Fig. 1 ). Live worms were transported to the laboratory in brown plastic pots, where they were maintained at 4°C. All animals were starved for at least 7 days before karyological and electrophoretic procedures.
Karyology
In order to distinguish diploid sexuals from polyploid parthenogens, chromosome counts were carried out for each individual. A protocol (modified from Redi et al., 1982; Beukeboom et al., 1996) for preparing chromosomes from regenerated blastemas on freshly cut tail-tips (approximately 3 mm) was used, extending colchicine treatment to 7 h. Karyotypes were determined from metaphase nuclei.
Electrophoresis
Whole worms were frozen in 30 L of extraction buffer (0.01 M Tris, 1 mM EDTA, 1 mM dithiothreitol, pH 7; Novak et al., 1989) in Eppendorf tubes at 80°C. Before using the samples for electrophoresis, the worms were thawed and homogenized, and the tubes were centrifuged for 5 min (16 434 g) at 4°C. An initial screening of 19 enzyme systems (see Appendix) resulted in eight reliably resolved presumptive enzyme loci (Table 2) . Three different gel and tray buffer systems (Murphy et al., 1990) were used for 12% starch gel electrophoresis (Table 2 ). Gels were run overnight for 14-16 h. Staining procedures were used as described by Murphy et al. (1990) , with a slight modification for Iddh, where activity was enhanced by adding 2 mL of 0.1 M MgCl 2 to the staining solution.
Analysis of electrophoretic data
Allele frequencies were calculated for each population sampled, separating sexual and parthenogenetic biotypes. In sample sites containing both biotypes, individuals whose karyotypes could not be determined reliably were excluded from further analyses. For polyploid parthenogenetic populations, allele frequencies were calculated as the mean of individual frequencies for each allele. Individual frequencies for both alleles were set equal to 0.5, when it was not possible to detect a dosage pattern from the band intensities that would indicate which allele was present twice in a triploid heterozygous genotype with two different alleles; from here on, these will be referred to as diallelic heterozygotes. Average heterozygosity for each locus and population was estimated from direct counts. In addition, genotype frequencies were calculated for parthenogenetic (sub)populations. At Iddh and Gpi, all diallelic genotypes with the same two alleles were pooled in one class when it was not possible to resolve band intensities for all individuals of a sample. A model by Tomiuk & Loeschcke (1991) was used for estimating pairwise genetic identity values (I) between 17 populations, including the D. Alanine aminotransferase (Alat) TED 9.6* Aspartate aminotransferase (Aat-1, Aat-2) AC 6.1 † Glucose-6-phosphate isomerase (Gpi) TED 9.6* Glycerol-3-phosphate dehydrogenase (G3pdh) lugubris population as outgroup, from single-locus genotype frequencies. The model allows pooling of diallelic heterozygotes that share both alleles, and direct formulae are provided for the maximum likelihood estimators for diploid and triploid populations (Tomiuk & Loeschcke, 1996) . Parthenogens from populations P1-P3, which are composed largely of tetraploids, were excluded from this analysis. Sexuals and parthenogens from C1 were treated as separate populations. Pairwise genetic distances (D) were calculated from genetic identity values using the standard formula D = l nI, and the resultant pairwise genetic distance matrix was used for UPGMA clustering (PHYLIP 3.5c, Felsenstein, 1993) . Genotype distributions in sexual populations were tested for deviations from Hardy-Weinberg equilibrium with an exact 2 -test for goodness of fit, using STATXACT 3 (Cytel Software).
Genotypic diversity of parthenogens
Genetic diversity of a parthenogenetic population can be defined as the number of genetically different clonal lineages that can be detected. As pseudogamous parthenogens reproduce clonally via the female function to produce genetically identical offspring, the number of multilocus genotypes gives a minimum estimate for the number of genetically different clones present in a population. We did not know whether or how tetraploids arise from triploids (or vice versa) and, thus, excluded all tetraploid individuals from the analysis of mainly triploid populations (N1-N4 and C11-C18).
For the frequency distribution of the five most common genotypes among parthenogens from samples C11-C18, a Fisher-Monte-Carlo test was performed using STATXACT 3 to test whether the clones were equally distributed among the eight samples taken from around the shore.
Results

Biotype composition of natural populations
North of the Alps, mostly triploid and no diploid individuals were identified (N1-N4). All sample sites from Italy contained diploid animals and, of these, seven contained no polyploid individuals (T1-T3, C2-C5; Table 3 ). Hereafter these latter sites are referred to as pure sexual populations. Parthenogens were mainly tetraploid in the surroundings of Pisa. The eight samples from Lago di Caldonazzo (C1, C11-C18) contained diploids and mainly triploids in different ratios. Our samples C15, C16 and C18 contained only triploid and tetraploid individuals, but recent studies have documented diploids at these sites also (unpubl. data; Weinzierl, 1996) and, thus, they were considered as mixed populations.
Allozyme variability
Six of the seven allozyme loci for which data are available for all populations showed interpopulational polymorphisms. Allele frequencies for all populations are given in the Appendix. Idh-1 was excluded from further analyses because complete data were not available for all populations because of uninterpretable banding patterns. At Gpi and Iddh, dosage patterns that would specify which allele was present twice in triploid diallelic heterozygotes could not be scored reliably.
Average heterozygosity was similar in pure sexual (T1-T3, C2-C5) and pure parthenogenetic (N1-N4) populations, but was about 2.5 times higher in the parthenogenetic population from Lago di Caldonazzo (C1; see Appendix). Sexual populations showed no significant deviation from HardyWeinberg equilibrium, with one exception (C4 at Gpi, P = 0.037). )  158  38  118  2  C2  20  20  0  0  C3  20  20  0  0  C4  24  24  0  0  C5  24  24  0  0  P1  29  20  4  5  P2  40  26  0  14  P3  43  10  0  33  T1  15  15  0  0  T2  21  21  0  0  T3  12 Pairwise genetic identity and distance values between populations calculated after Tomiuk & Loeschcke (1991 are listed in Table 4 . Within regions, genetic distances between populations were relatively small, ranging from 0 to 0.074, whereas the values were on average (0.15) larger between populations from different regions. Genetic distances between populations of D. polychroa and the population of D. lugubris ranged between 1.03 and 1.39. The UPGMA phenogram (Fig. 2) derived from genetic distances points out the genetic similarity of geographically close populations. Triploids collected south of the Alps (C1) appeared in a different cluster from those from localities in the Netherlands and Germany (N1-N4).
In pure parthenogenetic populations, between two and four multilocus genotypes were found among triploids (Table 5 ). In the mixed populations P1-P3, all the alleles found in tetraploids (and the rare triploids) were also found in the diploids, and no allele specific only to sexuals or parthenogens was detected. The diploid sexuals showed no deviation from Hardy-Weinberg equilibrium. With respect to multilocus genotypes, only a part of the genotypic variability found in coexisting sexuals was represented in parthenogenetic tetraploids, although the same alleles are present in both populations. In population C1 (Lago di Caldonazzo), sexuals and parthenogens share all detected alleles, except for alleles A at G3pdh and D at Alat, which were specific to parthenogens. Genetic identity between sexuals and parthenogens is relatively high (I = 0.995, i.e. there is no higher pairwise genetic identity value with one of the other populations studied for both the diploid and triploid populations from C1), and this is reflected in the UPGMA phenogram (Fig. 2) .
In population C1, 22 different multilocus genotypes among 116 triploid individuals were resolved by six variable enzyme loci (Table 6 ). The distribution of the five most common genotypes differs between sites (P0.0001; Fisher's exact test, MonteCarlo sampling).
Discussion
Independent origins of parthenogenetic populations
Polyploid, pseudogamous, parthenogenetic D. polychroa occur over a wide geographical range in Europe, in pure parthenogenetic populations as well as in sympatry with conspecific diploid sexuals. When geographically isolated parthenogenetic populations are genetically more closely related to coexisting sexuals than to each other, independent endemic origins of parthenogenetic clones is the most parsimonious explanation (Quattro et al., 1991 (Quattro et al., , 1992 and, thus, genotypes of parthenogenetic clones Table 4 Genetic identity I after Tomiuk & Loeschcke (1991 should consist of alleles that are segregating in the sexual population (Dybdahl & Lively, 1995) . Our data show that sympatric sexual and parthenogenetic populations of D. polychroa share the same alleles at all polymorphic loci, and this holds for both the mixed diploid-triploid (C1) and for the mixed diploid-tetraploid (P1-P3) populations. This suggests that parthenogenetic lineages from different regions, namely Toscana (P1-P3) and Northern Italy (C1), have independent origins from within different sexual populations. Polyphyletic origins of parthenogens have been supported previously by the existence and distribution of cytogenetically different parthenogenetic biotypes (Benazzi, 1957; Beukeboom et al., 1996) . With allozymes, it was possible to detect differences between triploids occurring north and south of the Alps. The genetic identity index shows that triploids from C1 are genetically more similar to their sympatric diploids than to triploids from populations N1-N4 (the Netherlands and southern Germany). Parker (1979) mentions three sources of clonal variation in parthenogens: (i) multiple origins from sexual ancestors; (ii) mutation; and (iii) meiotic recombination. Benazzi (1957) described triploid D. polychroa from northern Italy and Germany as 'synaptic' biotypes, in which meiosis takes place after endoduplication of the triploid chromosome set, with pairing and subsequent segregation of identical, duplicated copies of the same chromosome. Therefore, only in exceptional cases of multivalent formation or pairing of nonsister homologues will offspring not be clonal but have different genotypes at loci heterozygous in the mother individual. Mutations may change electromorph charge states at a locus to produce new alleles or silence existing alleles, so that enzyme activity is no longer detectable (Spinella & Vrijenhoek, 1982) . In both cases, new genotypes are similar to their ancestral genotype, differing only at the mutated locus (Lokki et al., 1975) . This may be the case in samples from pure parthenogenetic populations, in which between two and four multilocus genotypes were found, with not more than two genotypes per locus per population. As mentioned above, it is not possible to exclude rare events of irregular meiosis in triploids and, thus, mutation may only explain a part of the genotypic variation.
Origin of genotypic diversity in triploid lineages
When genotypic diversity among parthenogens cannot be explained by single-step mutations from a common genotype, polyphyletic origins of parthenogenetic lineages is a likely explanation (Lokki et al., 1975) . The data from mixed populations P2 and P3 prevent any such inference, as all parthenogens from this site were tetraploid, most of which were diallelic 
heterozygotes at Gpi. As it was not possible to resolve potentially asymmetric banding patterns in order to distinguish between AAAB, AABB and ABBB genotypes, the number of multilocus genotypes detected might be an underestimate of the true number. The same is true for tetraploids from P1, although the picture is different for triploids from this site, because they have four different multilocus genotypes that combine all alleles segregating in their coexisting sexual population. The strongest evidence supporting multiple origins of triploids comes from the detailed study of population C1, in which 22 different multilocus genotypes were identified among 116 triploid individuals. Their distribution differs between sites, showing that the parthenogenetic population is structured. This can result from genetic drift or from ecological differences between clones (Vrijenhoek, 1990) . Although rare recombinational events and mutation within lineages may account for some of the variation, the most parsimonious explanation for this pattern is polyphyletic origins of triploid parthenogens from coexisting sexuals. Clones of polyphyletic origins in mixed populations, inferred from high allozyme genotypic diversity, have also been reported from the New Zealand freshwater snail Potamopyrgus antipodarum (Dybdahl & Lively, 1996) .
Hybridization of sexuals and parthenogens
Polyphyletic origins of parthenogenetic D. polychroa are supported further by the results of earlier studies by Benazzi & Benazzi Lentati (1992) , which suggest that sexual and parthenogenetic D. polychroa can hybridize. From laboratory crosses, it has been shown that parthenogens can occasionally fertilize eggs of sexuals and that the resulting hybrids may be a source of new parthenogenetic lineages (overview in Benazzi Lentati, 1970) . This is further supported by the fact that the traits determining the cytogenetic processes underlying sperm-dependent parthenogenesis in D. polychroa appear to be genetically transmitted (Benazzi & Benazzi Lentati, 1992) . For example, two of them, namely the production of unreduced eggs and the elimination of the paternal chromosome set from a fertilized egg, have been shown to be inherited independently. In addition, Weinzierl (1996) has shown that diploid D. polychroa collected from a natural, mixed population can occasionally produce triploid offspring, although it Table 6 Absolute numbers of all multilocus genotypes found among triploids from the mixed population C1 (subpopulations C11-C18) of Dugesia polychroa
A?B and B?C designate unresolved diallelic genotypes.
was not determined whether those triploids reproduced parthenogenetically. Our allozyme data provide further evidence for the hypothesis that, in natural populations of D. polychroa, sexuals and parthenogens can hybridize rather than exist in complete reproductive isolation. Gene flow from parthenogens back to the ancestral sexual population should have homogenizing effects on the two gene pools, minimizing divergence between sexuals and parthenogens, because new alleles arising in one of the two biotypes by mutation will be transmitted to the other one (Menken et al., 1995) . Population C1 contained two rare alleles (Alat-D, G3pdh-A) in triploids (n = 116) but not in diploids (n = 37) of C1, although this could be attributed to differences in sample size. Parthenogens (C1) had a high number of heterozygotes at some loci. Their allele frequencies were thus close to 0.5, whereas sexuals showed a different pattern of variability, namely one common allele that is present at high frequency and one rare allele. Analysis of a larger sample (n = 117) from C17 at four loci confirmed this result (unpubl. data). This may mean that gene flow from parthenogens to sexuals, or at least survival or fitness of hybrids, is restricted, so that differences in allele frequencies would be maintained. These hypotheses seem plausible, insomuch as the constant transmission of parthenogenetic genes to sexuals would be expected to result in the fixation of parthenogenesis (Jaenike & Selander, 1979) , although hybridization of sexuals and parthenogens and genetic exchange between them can influence their coexistence in different ways: on the one hand, hybridization of newly arisen parthenogens and conspecific sexuals may prevent successful establishment of parthenogenetic lineages (Lynch, 1984) and, on the other hand, the cost of sex in hermaphrodites is higher if parthenogens can sire parthenogenetic offspring in future generations via their male function (Joshi & Moody, 1995; Mogie, 1996) . In addition, under models that explain the benefits of sexual reproduction by the production of variable offspring (reviewed in Bell, 1982; Case & Taper, 1986; Michod & Levin, 1988) , high genetic diversity among parthenogens from mixed populations may be advantageous relative to their coexisting sexuals.
Conclusions
Within pure parthenogenetic populations, genetically different lineages seem to be of monophyletic origin. South of the Alps, parthenogenetic D. polychroa occur in mixed populations, where they are genetically more similar to their sympatric sexual conspecifics than to allopatric parthenogens. This suggests that parthenogenetic lineages have arisen several times independently from at least two different ancestral sexual populations. In addition, the allozyme data revealed polyphyletic origins of parthenogenetic lineages within mixed populations, a lineage being defined by a particular multilocus genotype. We propose that new lineages arise through hybridization between parthenogens and sexuals, resulting in higher genotypic diversity among parthenogenetic lineages in mixed populations. 
